General intelligence is a heritable trait that is a risk factor for both the onset of dementia and the rate of cognitive decline in community-dwelling older persons. Previous studies screening for quantitative trait loci (QTLs) that influence general intelligence in healthy individuals have identified four loci, two of which are located within the genes insulin-like growth factor 2 receptor (IGF2R) and the Msx1 homeobox. Here, we report the finding of another QTL associated with general intelligence that is located within exon 2 of the cathepsin D (CTSD) gene. A group of 767 healthy adults with a follow-up period of over 15 years have been analyzed for cross-sectional and longitudinal trends in cognitive change using the Heim intelligence test score (AH4-1). We observed a significant association (P ¼ 0.01) between a functional C4T (Ala4Val) transition within exon 2 of the CTSD gene that increases the secretion of pro-CTSD from the cell, and the AH4-1 score at initial testing on entry to the longitudinal study. Interestingly, CTSD is transported by IGF2R from the trans Golgi network to the lysosome.
Introduction
General intelligence, also known as general cognitive ability, is a measure of an individual's capacity to perform consistently across a variety of cognitive functions that include memory, spatial ability and processing speed. Both environmental and genetic factors influence the variation in cognitive ability observed between healthy individuals, with the contribution of each estimated at approximately 50%. 1 General intelligence is an important risk factor for the incidence and prevalence of dementia and also the rate of cognitive decline in the nondemented elderly. 2, 3 Cognitive impairment affects approximately 10% of community-dwelling people aged 65 years and over, and accounts for 35% with disability in England and Wales. 4 In an increasingly long-lived population, the identification and early treatment of individuals at risk from cognitive impairment will have profound social and economic implications.
A number of quantitative trait loci (QTLs) that are associated with cognitive deficit have already been reported. In particular, the presence of the APOE e4 allele confers a much greater risk of developing Alzheimer's disease (AD), a condition that is characterized by irreversible and progressive memory dysfunction. We have recently reported that APOE genotype does not influence cognitive ability or its decline with age in healthy older individuals. 5 The insulin-like growth factor 2 receptor (IGF2R) gene was the first reported QTL associated with general intelligence in healthy individuals. The gene codes for a mannose-6-phosphate receptor whose function includes the transport of phosphorylated lysosomal enzymes from the trans Golgi network to lysosomes. A microsatellite at the 3 0 end of the IGF2R gene contains a variable number of repeats that have been shown to be associated with children's IQ. 6 Other loci that have previously been associated with intelligence include a microsatellite polymorphism within the MSX1 gene located on chromosome 4 and two other microsatellite markers (D4S2943 and D4S1607) that are also located on chromosome 4. 7 Cathepsin D (CTSD) is an active acid protease that is initially produced as a nonfunctional enzyme in the trans Golgi network. A post-translational modification that involves the addition of MP6 residues enables pro-CTSD to bind to IGF2R and allows its transport to the lysosome where it is involved in intracellular protein breakdown. A functional polymorphism (C4T, Ala4Val) within exon 2 of the CTSD gene increases the secretion of pro-CTSD from the cell 8 and has also been reported as a risk factor in AD, although this finding has been challenged. [9] [10] [11] [12] [13] [14] [15] A role for CTSD in apoptosis has also been established, 16, 17 and its importance in brain development has recently been highlighted owing to its involvement in congenital ovine neuronal lipofuscinosis. 18 
Methods

Group studied
The individuals taking part in the research were all Caucasian volunteers from the University of Manchester Age and Cognitive Performance Research Centre, Manchester, UK. This longitudinal research program began in 1985 and comprises volunteers who can attend the research center with the only entry restriction being that they should be older than 49 years of age. Originally, this volunteer group comprised approximately 2500 individuals. The 767 individuals in this study are those who could attend for venesection in 1998. A large database exists of scores from these group on cognitive test batteries performed over the last 17 years. In addition to these data, information on age, gender, self-reported health, educational and socioeconomic attainment has been collected. Details of the recruitment, composition and selective attrition of the entire longitudinal study of elderly community residents have been described elsewhere. 19 The group has been analyzed for crosssectional and longitudinal trends in cognitive change using the Heim intelligence test score (AH4-1). 20 The volunteers performed the AH4-1 test in 1985, 1991 and 1997. The Heim AH4 test is a group general intelligence measure for use with a cross-section of the adult population. AH4-1 uses 65 pen-and-paper questions to access verbal and numerical skills. The test is performed within a 10-min time period and therefore has no ceiling effect. Results are expressed as number of correct responses. To determine the socioeconomic attainment of volunteers, we used the UK official social class classification system. 21 Occupations were divided as follows: I, Professional; II, Managerial and Technical; III, Skilled ((N) nonmanual and (M) manual); IV, Partly skilled; V, Unskilled. University of Manchester ethics committee approval and individual written consent to the research was obtained.
CTSD amplification
The CTSD exon 2 C4T transition was amplified using primers (forward: 5 0 GTG ACA GGC AGG AGT TTG GT 3 0 ; reverse: 5 0 GGG CTA AGA CCT CAT ACT CAC G 3 0 ). PCRs were carried out in 96-well microtiter plates with a final reaction volume of 20 ml containing NH 4 buffer (Bioline), 1.5 mM MgCl 2 , 0.1 mM dNTPs, 0.2 units Taq polymerase (Bioline, BioTaq), 10 pmol of each primer, 50 ng of genomic DNA and 0.5 M Betaine. Cycle conditions were 35 cycles at 951C/ 40 s, 601C/30 s, 721C/30 s followed by 5 m at 721C using a PTC-225 Peltier Thermal Cycler (MJ Research). The 343 bp product was digested overnight with MwoI (New England Biolabs) and the fragments separated on a 2% agarose gel. The C allele digested into two distinctive 168 and 82 bp bands and the T allele formed a distinctive 250 bp band. To ensure genotyping accuracy and reproducibility, the first 95 samples were genotyped on two separate occasions, and on every plate of samples three of known genotype were included.
Statistical analysis
A longitudinal analysis of the entire Newcastle and Manchester cohorts has been described in detail previously. 19 In brief, random effects models were used to investigate factors predictive of decline in AH4-1 accounting for the fact that measurements taken on the same subject over time tend to be correlated. This type of model can be considered in two parts: a normal linear regression model for the average response over time for a subject with given values of all explanatory variables, and a model for the random variation about the mean response. For the second component, a set of latent variables or 'random effects' are postulated, which represent deviations of individual subjects from the population average for selected features.
In the original analysis, the following explanatory variables were considered: age, sex, socioeconomic status, city of residence, year volunteer first participated in study and practice effect. The practice effect was modeled as a series of step increases between successive occasions on which the subject was tested; age was modeled as a quadratic trend, coding age in years over 49, the minimum age at entry across all subjects.
The fitted population-average response was found to be quadratic in age with no evidence of interaction depending on social class, sex or practice. In the final model, the intercept of the quadratic depended additively on the subject's sex, social class, year of entry to the study and city of residence with population-average step increases on second and subsequent testing.
The random variation about the mean response was modeled by subject-specific intercept and slope parameters, which varied randomly from the average response curves according to a zero-mean bivariate normal distribution. The above model, excluding the term for city, was fitted to the subset of subjects who participated in the current study. The improvement in model fit on adding the C4T mutation/transition as a covariate, and its interaction with the quadratic age trend was assessed by the likelihood ratio test.
Results
Blood samples were available for 776 patients. A total of nine patients lacking AH4-1 scores were excluded from the analyses, as were 16 individuals on whom the CTSD genotype was not available. Of the remaining 751 subjects, a total of 746 were still participating at the second visit and 499 remained at the third visit. Summary statistics for the group are shown in Table 1 .
The frequencies of the genotypes for CTSD were as follows: 632 (84.2%) were homozygous for the wildtype gene, 117 (15.6%) were heterozygous and 2 (0.3%) were homozygous for the C4T substitution at position 224. Therefore, 119 (15.8%) possessed at least one copy of the C4T substitution in the CTSD gene. Genotypes were in Hardy-Weinberg equilibrium.
The results from fitting the selected random effects models for C4T substitution in the CTSD gene are shown in Table 2 . The estimated mean AH4-1 score at entry onto the study was 3.3 percentage points lower for those subjects with the C4T substitution in the CTSD gene compared to those without after adjusting for several factors. This difference was statistically significant (P ¼ 0.01). Our sample size gives 80% power (5% significance level) to detect the observed effect size. There was no evidence that the rate of AH4-1 decline differed according to the presence or absence of the C4T substitution in the CTSD gene (P ¼ 0.78).
Discussion
This is the first study to look for an association between CTSD and intelligence and is the first to describe a functional polymorphism being associated with cognitive ability. Our results showed an association between the CTSD C4T polymorphism and intelligence score at entry to the longitudinal study but no association between the polymorphism and the rate of cognitive decline over time. This would support the hypothesis that CTSD affects intelligence at an earlier stage, possibly during early brain development. Apoptosis is responsible for the death of between 50 and 80% of neurons during early brain development and is essential for the sculpting of efficient pathways. An increasing amount of evidence suggests that CTSD is an integral part of this process. Studies using rat neuronal cells have demonstrated that induction of apoptosis via neurotrophic factor deprivation increases CTSD levels and decreases levels of CTSB. 22 Additionally, inhibiting CTSD reduces apoptosis in different cell types including neurons. 23 The mechanism of CTSD action in apoptosis has been shown to occur before the activation of caspase-3-like proteins. 17 Failure to express IGF2R or the presence of the T allele within the CTSD gene both result in the increased secretion of immature enzyme from the cell. 8, 24 This may decrease the amount of mature enzyme available for apoptosis during development and result in the survival of functionally inefficient neurons and hence give rise to a lower general intelligence.
If the CTSD T allele is associated with general intelligence, then it would also be expected to be associated with dementia onset for which intelligence is an important risk factor. 2, 3 General intelligence as a risk factor for dementia onset has been explained using a concept called 'brain reserve capacity' (BRC). 25 This concept implicates the presence of a threshold that needs to be exceeded before disease symptoms become evident. Individuals with a greater general intelligence will have a higher threshold and can therefore receive a larger brain insult before showing symptoms of cognitive impairment. A large well-characterized family-based study using the sibship disequilibrium test 15 found no association between the CTSD T allele and AD, and concluded that there is no association between the C4T polymorphism and individuals with AD. This study did not look at the C4T polymorphism in relation to disease onset. The case-control studies looking at the association between the CTSD C4T polymorphism and AD have produced inconclusive results with two positive and four negative associations. [9] [10] [11] [12] [13] [14] However, three case-control studies that reported a negative association in Caucasians did observe a nonsignificant increase in T allele frequency in AD cases compared to controls. [11] [12] [13] The fourth negative case-control study showed a nonsignificant increase in younger AD patients carrying the T allele.
14 As intelligence is a risk factor for the onset of dementia we propose that the above age-matched case-control studies were detecting an association between intelligence and disease onset. The finding that Hispanics carrying a T allele had an earlier disease onset that was statistically significant supports this.
11 The topic of genetics and intelligence has historically been a controversial one. The argument between nature vs nurture has been resolved by extensive studies involving families and twins, and has led the experts to conclude that each contributes approximately 50% to the variation observed between the cognitive ability of individuals. Concerns as to whether genetic screening for intelligence could be used to subgroup individuals at an early age must be weighed against the benefits of identifying and treating individuals who are at risk from developing cognitive deficit later in life and indeed any other disorder that the same genes may be associated with. For example, both the CTSD and IGF2R genes have also been implicated in cancer, 26, 27 emphasizing that while many diseases have multiple susceptibility genes it is also important to consider that many genes may be involved in multiple diseases. The relative small effects contributed by both CTSD and IGF2R also suggest that general intelligence will be a complex polygenic trait. The 3.3% effect size of CTSD C4T polymorphism toward the total variance of the AH4-1 score can be given perspective by comparing it to the effect size caused by 'normal aging', which is the biggest risk factor for cognitive decline in healthy individuals. Based on our statistical model with a negative quadratic age coefficient, cognitive decline is predicted to accelerate with age. For example, using our reference group (female sex, first participated in study 1985 and social class C1), the average score at entry is estimated to be 73% points for a 49-year old falling to 53 points for an 80-year old, that is, a difference of 20% points in mean scores between these two age groups.
The previous finding that IGF2R 6 is associated with intelligence and is also responsible for the transport of CTSD helps validate our result and suggests that the successful transport of CTSD is an important step for the optimal development of the human brain. Screening of both genes for new exonic and regulatory polymorphisms will be our next priority. 
